Migraine is a common neurological disease of two main types: migraine with aura and migraine without aura. Familial clustering suggests that genetic factors are involved in the etiology of migraine. Recently, a gene for familial hemiplegic migraine, a rare autosomal dominant subtype of migraine with aura, was mapped to chromosome 19p13. We tested the involvement of this chromosomal region in 28 unrelated families with the common forms of migraine with and without aura, by following the transmission of the highly informative marker D19S394. Sibpair analysis showed that affected sibs shared the same marker allele more frequently than expected by chance. Our findings thus also suggest the involvement of a gene on 19p 13 in the etiology of the common forms of migraine.
Introduction
Migraine is a frequent paroxysmal neurological disorder affecting up to 8% of males and 25% of females in the general population (Rasmussen et al. 1991) . There are two main types of migraine, viz. migraine without aura, occurring in 85% of patients, and migraine with aura, occurring in 15% of patients (Headache Classification Committee 1988) .
Attacks of migraine without aura are typically characterized by severe unilateral pulsating headache, associated with nausea, vomiting and photo-and phonophobia. In migraine with aura, attacks are preceded or accompanied by transient focal neurological, usually visual symptoms.
Migraine frequently runs in families, suggesting that hereditary factors are involved (Ad Hoc Committee on Classification of Headache 1962). Alternatively, familial occurrence of migraine may represent chance clustering of this highly prevalent disease. Family and twin studies have produced conflicting results with respect to the mode of inheritance of migraine (Allan 1928; Goodell et al. 1954 : Dalsgaard-Nielsen 1965 Barolin and Sperlich 1969; Baler 1985; Devoto et al. 1986; D'Amico et al. 1991; Russell et al. 1993; Mochi et al. 1993; Lucas 1977; Ziegler et al. 1975 ). This confusion is at least partly a result of methodological differences and shortcomings (Russell et al, 1993; Haan et al. 1994) .
Familial hemiplegic migraine (FHM) is a rare subtype of migraine with aura, with a clear autosomal dominant mode of inheritance (Headache Classification Committee 1988) . Attacks of FHM are characterized by hemiparesis (one sided weakness) in addition to other aura symptoms. There are convincing arguments to classify FHM as a subtype of migraine, rather than classifying it as a separate disease (for a review, see Haan et al. 1994 ). An investigation into the genetics of FHM may therefore help to unravel the genetics of the more frequent types of migraine. Recently, a gene for FHM was mapped to chromosome 19 (Joutel et al. 1993) . We confirmed the localization of a gene for FHM on chromosome 19p13 in three families, whereas at least two other families provided evidence for locus heterogeneity . In the present study, we investigated the involvement of the putative FHM gene on 19p13 in the common forms of migraine in 28 families with migraine with or without aura.
Materials and methods

Subjects
We diagnosed patients with migraine with or without aura according to the International Headache Society (IHS) classification cri- Patients from the headache outpatient clinic at the Clinic of Neurology, Essen, Germany, and patients responding to an article about the study in the local newspaper (Westdeutsche Allgemeine Zeitung) were screened for a positve family history of migraine. Only families with migraine in at least two generations were asked to participate. Probands (n = 28) and all available family members (n = 170) were asked to complete a questionnaire and were subsequently interviewed personally by one of the authors (C.U. or A.M.). Information about eight persons was obtained from their relatives. Information about the occurrence of migraine in the previous generations was also obtained from family members.
Genetic analysis
A total of 198 blood samples were collected. Genomic DNA was isolated as described by Miller et al. (1988) . The analysis of the highly informative microsatellite marker D19S394 (UT705) (Fig.  1 ) was performed by means of the polymerase chain reaction . Oligonucleotides (5"--->3") AGACTACAGT-GAGCTGTGG (UT705:A) and GTGTTCCTAACTACCAGGC (UT705:B) were synthesized by Isogen Bioscience, Amsterdam. The number and frequencies of alleles were estimated from the spouses in the 28 migraine families. The observed heterozygosity was 0.89.
Statistical analysis
Sib-pair analysis was carried out by comparing parental marker alleles found in one of the sibs of a given sib-pair with those of the 605 other sib. A given pair of affected sibs may share either 0, l, or 2 parental marker alleles. Alleles from homozygous parents were not scored; whenever parents had not been tested for the marker, their genotype probabilities were calculated and scores were computed as described elsewhere (Sandkuijl 1989) . When more than two affected sibs occurred in a single sibship, weighted scores were computed according to Suarez and Hodge (1979) .
In a separate analysis, pairs of affected sibs with only one affected parent were included, and only the allele inherited from that affected parent was scored as either shared or not shared. The number of alleles shared by the sibs was compared with the expected proportion of 50%; significance levels were obtained via a one-sided test against a normal distribution.
The role of a D19S394-1inked gene in affected sib-pairs was calculated under the assumption that the gene defect is rare and that it acts in a dominant way. One would expect that a proportion x of the alleles from the affected parent is shared by linkage, and that half of the remainder (l-x) is shared by chance; not-shared will be the other half of (l-x). The ratio shared: not-shared is x + 0.5(1-x) :0.5(I-x), and therefore the proportion x can be calculated from (shared -not-shared)/(shared + not-shared).
In addition to sib-pair analysis, lod score calculations were carried out with the Linkage program package (Lathrop et al. 1985) , version 5.04. For lod score calculations, the exact mode of transmission of the disease needs to be specified. For our previous analysis of FHM , we had designed a conservative model to describe the relationship between putative migraine genes and the various clinical manifestations of migraine. This model was similarly applied in the current analysis. Family members were divided into seven groups based on clinical criteria. The odds of any individual being a gene carrier differed for the different groups, with the strongest odds being associated with subjects with migraine with aura (8 : 1 odds). Relatives with migraine without aura and those for whom the diagnosis of migraine was based on family history were included in a liability class with 2 : 1 odds of being a gene carrier. For persons without migraine, odds were 1:4 that they were a gene carrier. For young persons (< 18 years of age), this was increased to 2 : 3. Similarly, persons classified as unaffected based on family history were given 3 : 8 odds. Finally, persons with a history of unspecific headaches were classified as diagnosis unknown. The frequency of the disease gene was fixed at 0.01.
Results
Description of families
Twenty-six of the 28 participating families were from Nordrhein-Westfalen, Germany; one family originated from Afghanistan. The remaining two families were from Hessen and the Netherlands, respectively. No apparent consanguinity exists between the families. Six sets of twins (one monozygotic and five dizygotic) were identified in the families. The distribution of observed migraine for the 28 unrelated families is shown in Table 1 . Out of 198 individuals, 23 (11.6%) had migraine with aura and 93 Table 3 Distribution of shared and non-shared alleles (n) within affected sibships ~'
Fig.2 Segregation of the marker alleles (D19S394) in family 25
Number affected/total number Healthy father and migraine-suffering mother (n = 32)
Migraine-suffering father and healthy mother (n = 5) (47.0%) migraine without aura. Five family members had headache attacks not fulfilling the IHS criteria for migraine. The male:female ratio was 1 : 3.5 lot migraine with aura and 1 : 2.2 for migraine without aura. The preponderance of females among the migraine sufferers suggested an X-linked dominant inheritance. Therefore, we scored the parental transmission of migraine in the 28 unrelated families. As shown in Table 2 , affected fathers transmit migraine to their sons, making an X-linked dominant or a mitochondrial inheritance unlikely.
Genetic analysis
Affected sib-pair analysis was performed using the highly informative marker D19S394, which was previously shown to be closely linked to the FHM locus. A priori, the expected proportion of shared alleles of a random marker in sib-ships is 50%. We observed that affected sibs of the families shared the same marker allele more frequently than expected (Table 3) . Scoring alleles of both parents, the number of shared alleles in affected sibs was 38.6 versus 27.2 non-shared marker alleles (P = 0.08). The numbers were corrected for multiple sib-pairs occurring in a single family. Taking into account only the alleles of the affected parents (where available), the distribution of the marker alleles changed significantly: 18.4 marker alleles shared versus 9.2 non-shared marker alleles (P = 0.04). Family 25 contributed disproportionately to this result. In this family, five alleles were scored as being shared in the main sibship after correction as mentioned before. Nevertheless, sharing was still increased in the remaining families, but not significantly. The results of the sib-pair analysis suggest that, if the gene is completely linked to D19S394 and if the gene defect is rare and acts in a dominant way, the gene plays a role in 33% of the sib-pairs (see Materials and methods). This value drops to 18.6% when family 25 is excluded from the analysis. Lod score calculations also revealed a possible involvement of this chromosomal region. Applying a conservative model previously used for linkage analysis of FHM families , the overall lod score of marker D19S394 was 1.38 without recombination. Again, a major contribution came from family 25, with a maximum lod score of 1.29. The segregation of the marker alleles in this family is shown in Fig. 2 . Most families were almost completely uninformative, using the conservative model.
Discussion
The selection of families suitable for linkage studies has undoubtedly led to an unusually high frequency of migraine in the current series of families. Even when allowance is made for such a selection bias, it is difficult to reconcile the observed occurrence of the disorder with Mendelian transmission of a single 'migraine gene'. Various statistical methods exist to analyze the contribution of genetic factors to diseases with such a complex mode of transmission. For the standard calculation of lod scores in families, it is necessary to make the assumption that, in each family, only a single gene contributes to the disease risk, whereas all other risk factors are non-genetic. Clearly, such assumptions are not appropriate for the present sample of migraine families. Alternatively, the analysis of pairs of affected sibs is not dependent on such stringent assumptions but, since the method is not powerful, large numbers of patients may be required to detect genetic contributions. In our analysis of marker alleles transmitted by affected parents only, we detected increased sharing with borderline statistical significance. The ratio of shared versus not-shared alleles was 18.4: 9.2, compared with the expected 1 : 1 ratio. Although an important contribution to this deviation came from a single large family (family 25; five alleles scored as shared in the main sibship after correction for multiple sib-pairs), sharing is still increased in the remaining families, albeit not significantly.
For the lod score analysis, we chose to apply a conservative model of analysis, identical to the one that we used previously for the linkage analysis of families with hemiplegic migraine (see Ophoff et al. 1994) . This model assumes that migraine is a common disorder, with population frequencies of 10.2% for all types of migraine and 2.8% for migraine with aura. As an allowance is made for a large contribution of non-genetic factors in disease etiology, only 14% of migraine cases with aura and only 4% of all migraine patients will carry a genetic predisposition to migraine under this model. Furthermore, the relative risk of gene carriers, when compared with non-gene carriers, of developing any type of migraine was calculated to be 2.25 under this model. A recent Finnish study excluded the involvement of the 19p FHM locus in four migraine families (Hovatta et al. 1994) . They presupposed the relative risk of gene carriers of developing migraine to be ten times higher than in our model, making the studies difficult to compare.
Under our conservative model, many families were almost completely uninformative. A major contribution to the overall positive lod score of 1.38 came, again, from family 25 (maximum lod score 1.29). A statistical test for genetic heterogeneity among the families yielded no evidence for such heterogeneity (data not shown); this was to be expected given the relatively small contributions coming from most families.
In standard gene mapping studies, a lod score of 1.38 is not regarded as definitive evidence for a gene localization, although the corresponding likelihood ratio of 24 : 1 is definitely significant (P = 0.006, one sided) according to conventional statistical criteria. In random mapping studies, stronger statistical evidence is required, because no a priori knowledge exists about on which of the 22 autosomes a disease gene may be carried. This study, however, was based on the earlier localization of a gene for 607 hemiplegic migraine on 19p 13. Therefore, standard statistical criteria can be applied in the interpretation of the lod score.
We conclude that our findings provide evidence for the involvement of a gene on 19p13 in the etiology of migraine. It remains to be elucidated whether this genetic contribution constitutes a mild risk factor for migraine in the general population or a major risk factor in only a small proportion of migraine families. Such questions can only be answered when the gene on 19pl 3 responsible for hemiplegic migraine has been cloned and characterized.
